Abstract Phytoplankton growth in the seasonally productive Southern Ocean is typically limited by iron (Fe). In the next century, however, Fe inputs and temperature are predicted to increase. Dissolved concentrations of nitrogen (N) and phosphorus (P) may also change due to physical and biological drivers, altering the stoichiometric N:P ratio of the water column. Two separate experiments were conducted to study how these predicted changes will impact nutrient utilization by two natural microbial communities from the Ross Sea, Antarctica. The first investigation focused on a Terra Nova Bay community amended with Fe and grown under a wide range of seven different N:P ratios. Building on the results of the first study, a McMurdo Sound community was incubated under a factorial design at high, medium (ambient), and low N:P ratios, with and without Fe addition, and at ambient versus elevated temperature. In both experiments absolute uptake rates of bicarbonate, nitrate, and amino acids by two size fractions (0.7-5.0 μm and > 5.0 μm) of microorganisms were measured using stable isotopes. For Terra Nova Bay microorganisms, significant differences in nutrient uptake rates occurred when the N:P ratio was elevated, and nitrate uptake rates significantly increased early in the experiment but were not different at the end. For McMurdo Sound microorganisms, changing the N:P supply ratio did not have a clear effect, while temperature elevation and/or Fe addition significantly increased nutrient uptake. Results indicate that changing the dissolved N:P ratio can potentially alter nutrient uptake rates; however, the impact of temperature and Fe are greater.
Introduction
Through measurements of the elemental composition of plankton and the concentration of nitrate (NO 3 À ) it has been widely used as a fundamental principle to shape our understanding of marine ecology (Arrigo, 2005; Gruber & Deutsch, 2014) . There are a number of processes that influence stoichiometric ratios in the marine environment, and research from the past few decades has concluded that ratios in the marine environment can range considerably outside of the Redfield ratio (Heckey et al., 1993; Geider & La Roche, 2002; Planavsky, 2014) .
A few general trends describe the variability in stoichiometric ratios that are observed in the marine environment, both with dissolved nutrient ratios and elemental ratios of marine phytoplankton. First, C:N:P stoichiometry at the ecosystem level varies across time and space (DeVries & Deutsch, 2014; Martiny et al., 2013; Teng et al., 2014) . Particulate C:P, N:P, and C:N ratios in high-latitude polar environments are typically below Redfield, in oligotrophic gyres these ratios are typically above Redfield, and in upwelling regions they are usually close to Redfield proportions (Martiny et al., 2013) . We also know that evolutionary history influences the particulate C:N:P of eukaryotic phytoplankton with the green superfamily possessing significantly higher cellular ratios than the red superfamily (Quigg et al., 2003 (Quigg et al., , 2011 . Additionally, subtle stoichiometric differences are found among phytoplankton taxa. For example, diatoms typically have lower N:P ratios than other taxonomic groups (Deutsch & Weber, 2012; Planavsky, 2014) , while haptophytes, such as Phaeocystis antarctica, have higher C:P and N:P ratios (Arrigo et al., 1999 (Arrigo et al., , 2000 .
Although these general patterns exist, the cellular make up of marine phytoplankton is not homeostatic, and elemental ratios within the cell vary based on growth phase (Arrigo, 2005) and growth conditions (Goldman et al., 1979) . Differences in elemental ratios occur during the cell cycle because certain cellular components become synthesized in higher proportions when cells are in exponential growth phase versus when they are approaching stationary phase and are growing more slowly due to limited resources. Ribosomal RNA, which is used for growth and is more abundant during exponential phase (Arrigo, 2005) , has relatively low N:P ratios (Elser et al., 1996) . In contrast, protein and chlorophyll, which are used to acquire resources and become more abundant during stationary phase (Arrigo, 2005) , have high N:P ratios (Elser et al., 1996; Geider & La Roche, 2002) . Factors that influence the physiology of phytoplankton cells may also influence elemental ratios. Temperature, for example, strongly affects cellular metabolic processes (Finkel et al., 2010) and can influence the N:P ratio at which phytoplankton growth is at its optimum (Tilman et al., 1986) . Temperature also causes phytoplankton community shifts Tatters et al., 2013) , which can subsequently modify ecosystem C:N:P stoichiometry (Finkel et al., 2010) .
Allochthonous delivery of nutrients has the potential to change the ratios of a system's dissolved nutrients, and altering the N:P supply ratio of an environment can favor certain species of phytoplankton (Lagus et al., 2004) . Shifts in phytoplankton community composition due to stoichiometric changes in the nutrient pool have become increasingly common in coastal locations, where nutrient loading is a concern and where selective nutrient management is practiced (Cloern, 2001) . The N:P supply ratio of more remote locations can also change. For example, the atmospheric deposition of anthropogenically-produced nitrous oxides can increase the availability of N (Pahlow & Riebesell, 2000) , while P can be delivered via volcanic ash, aerosols, and mineral dust (Benitez-Nelson, 2000) . Stoichiometric ratios can also be influenced through autochthonous mechanisms. Microbial pathways such as N fixation or denitrification, respectively, can increase or decrease dissolved N:P ratios by adding or removing N from the environment (Tyrell, 1999) . Additionally, dissolved P can be removed through abiotic processes, increasing N:P ratios. Dissolved P can bind with iron (Fe) or humic-rich terrestrial organic matter that is delivered to coastal waters, and it can be removed through sediment burial (Paing et al., 1999; Paytan & McLaughlin, 2007) .
Addition of micronutrients to the environment can also influence the elemental ratios of microorganisms. Studies using phytoplankton cultures find that conditions where Fe is replete sometimes yield higher particulate C:P and C:N ratios (Berman-Frank et al., 2001; De La Rocha et al., 2000; Dong et al., 2000) , while others find the opposite trend (Doucette & Harrison, 1991; Maldonado & Price, 1996; Xu et al., 2014) . The impact of Fe is particularly important to consider in regions like the Southern Ocean, where primary production is limited by extremely low Fe concentrations (De Baar et al., 1990) , even in coastal regions (Bertrand et al., 2015) . Sea surface temperatures in the Southern Ocean are predicted to increase by~4°C over the next century (Intergovernmental Panel on Climate Change, 2014), causing glaciers and icebergs to melt. Both of these are major sources of Fe to the Southern Ocean and are predicted to result in higher concentrations of Fe in the future (Hutchins & Boyd, 2016; Raiswell et al., 2008; Sedwick & DiTullio, 1997) . Because the majority of dissolved Fe is complexed with organic ligands, its accessibility to different phytoplankton groups will further depend on the chemical structure of the ligand (Gledhill & Buck, 2012; Hutchins et al., 1999) .
Small changes to the nutrient ratios of an environment have the potential to significantly affect primary production (Karl et al., 1995) and the quality of food at the base of the food web, which have the potential to impact organisms at higher trophic levels (Sterner & Elser, 2002) . For example copepod development appears to be stunted when its diet consists of phytoplankton that have been cultured under limiting N and P conditions (Klein Breteler et al., 2005) . Because elemental stoichiometry of consumers varies among taxa, the dominant consumers present in an ecosystem can also influence dissolved nutrient ratios by preferentially holding onto some elements while excreting or metabolizing others (Anderson, 1994; Sterner & Elser, 2002) .
Although our understanding of the mechanisms that govern elemental ratios in the marine environment has increased, we still lack a comprehensive view of how nutrient stoichiometry will be affected by global change and how subsequent shifts to microbial communities and N:P ratios will influence the utilization of nutrients by phytoplankton. Nutrient uptake and assimilation mediate the intrinsic link between dissolved nutrient ratios in the environment and cellular particulate ratios. Despite the critical role that nutrient uptake plays in the transfer of nutrients from the dissolved pool to the particulate pool, uptake rates are rarely measured in stoichiometric studies. Furthermore, the majority of studies investigating processes in the ocean that regulate stoichiometry have been focused on environments that are deplete in macronutrients, rather than in regions that have high concentrations of macronutrients such as the Southern Ocean. While general trends and patterns associated with the stoichiometry of the Southern Ocean have been identified, there have been very few controlled experiments specifically designed to assess how different dissolved N:P ratios impact Southern Ocean phytoplankton and the rates at which they take up nutrients. In this study, two experiments were conducted within the Ross Sea to determine how changing the dissolved N:P ratio of the seawater impacts uptake of inorganic and organic C and N substrates, particulate ratios, and phytoplankton community composition. The first experiment assessed the phytoplankton response to a wide range of dissolved N:P ratios when Fe limitation is removed. The second experiment, which was completed in a subsequent austral summer, built upon the first by employing a factorial design to determine the impact of select N:P ratios in conjunction with elevated temperature and Fe addition. Community composition was only assessed during the second experiment because community composition samples from the first experiment degraded prior to analysis.
Materials and Methods

Field Sampling
Field sampling occurred during the austral summer in 2013 and 2014 at different locations in the Ross Sea. Water for the first experiment was collected on 22 January 2013 from Silver Fish Bay within Terra Nova Bay (74°38 0 667″S, 164°49 0 896″E). For the second experiment, water was collected on 29 December 2014 from
McMurdo Sound (77°37 0 4.62″S, 165°24 0 20.280″E); experiments will be referred to as TNB (Terra Nova Bay experiment) and MMS (McMurdo Sound experiment) henceforth. Sampling occurred at the ice edge, and water was collected from~3-to 5 m depth using a trace metal clean diaphragm pump and Teflon tubing as previously described (Bertrand et al., 2015) . Once the whole seawater was pumped to the surface, it was dispensed into acid washed (10% HCl) cubitainers, covered with dark plastic bags to exclude light, and directly transported to the laboratory at McMurdo Station by helicopter. We note that weather and extenuating logistical circumstances (e.g., the government shutdown) made it impossible for us to sample at the same time during the bloom season and at the same sites.
Bioassays 2.2.1. TNB Experiment
Seawater was evenly distributed into six cubitainers (9 L; 10% HCl washed; 1 cubitainer was used to prepare each experimental condition), and either NO 3 À or PO 4 3À was added to manipulate the dissolved N:P ratio.
During the austral summer, Fe limitation in the Ross Sea is common, with concentrations typically at approximately 0.1 nmol/L (Sedwick et al., 2011) . To relieve potential Fe stress and ensure that we would see a response, all treatments, with the exception of the Control, also received an addition (+1 nmol/L) of iron (III) chloride (FeCl 3 
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Fe, in addition to the control which had an N:P ratio of 11 (Table 1 ; note that treatments with added Fe are specified with an *). These ratios, although extreme at both ends, were selected so that we would be able to discriminate the physiological responses of the community over a wide range. After nutrients were added to the cubitainers, seawater was gently mixed and distributed into 2 L polyethylene terephthalate glycolmodified (PETG) bottles (filled to capacity 2.3 L). All treatments were prepared in triplicate with the exception of the Control, which was prepared in duplicate due to water limitations. Bottles were placed in an indoor incubator set at 0°C that received~45 μmol photons m À2 s À1 of constant light. This light level was selected because it is within light levels observed at~3-m depth in open water and under the sea ice (McMinn et al., 2000) . The community used in our experiment was collected from the ice edge; thus, the microorganisms would have likely experienced both open water and under ice light regimes within the recent past.
The experiment lasted 10 days. Chlorophyll a, NO 3 À and PO 4 3À concentrations were measured on Days 0, 3, 5, 7, 8, 9, and 10, and larger sampling events occurred on Days 0, 3, and 10. During larger sampling events, we also measured particulate C, particulate N, particulate P, bacterial abundance, nitrite (NO 2 À ), ammonium (NH 4 + ), urea, dissolved primary amines (DPA), total dissolved nitrogen (TDN), silicate (Si), and dissolved organic carbon (DOC). Additionally, during the large sampling events, uptake rates of NO 3 À and dissolved inorganic carbon (DIC) were measured (described in detail below); on Day 0 and Day 10 uptake rates of amino acids were also measured. We note that limits on available water precluded measuring all parameters at all time points for both the TNB and MMS experiments.
A different experimental design was employed for the MMS experiment to build on the results of the TNB experiment. We learned from the TNB experiment that different dissolved N:P ratios have the potential to impact nutrient uptake (results presented below); however, we were not able to conclusively determine the impact of Fe addition at different N:P ratios. Furthermore, studies conducted on isolates from the first season showed that temperature elevation has a strong impact on the physiology of dominant phytoplankton taxa from the Ross Sea (Zhu et al., 2016) . Thus, additional parameters were included in the MMS study described below. et al. (2005) , and the FeCl 3 was prepared according to Bertrand et al. (2015) . A factorial design was used to examine two temperature levels (0°C and 4°C), decreased N:P ratios (~7.4 and designated as Low), unaltered N:P ratios (~13 and designated as Ambient), increased N:P ratios (~22 and designated as High), and Fe addition (+2 nmol/L; treatments with added Fe are distinguished with an *; Table 1 ). Bottles were incubated for 7 days in two indoor incubators (one for each temperature) under constant light (~75-100 μmol photons m À2 s
À1
). A slightly higher irradiance level was used in this experiment compared to the TNB experiment, because this experiment occurred earlier in the austral summer when light levels are typically higher. Chlorophyll a, NO 3 À , and PO 4 À concentrations were measured on Days 3 and 5. Larger sampling events occurred on Days 0 and 7, and on these days the same parameters listed above for the TNB experiment (large sampling events) were measured, and phytoplankton community composition was also analyzed via microscopy.
Uptake Experiments
Uptake rates of C and N substrates were measured using 13 Uptake rates of bicarbonate were used as a measure of primary productivity, which is directly coupled to global N and P cycles. Primary production can both affect and be affected by changes in nutrient availability. Uptake of NO 3 À was assessed because it is seasonally replete in the Southern Ocean and was the N substrate used to manipulate the N:P ratio in this experiment. Algal derived amino acids are a mix of labile organic C and N containing compounds that are released as primary production byproducts. Phaeocystis, a prominent species of phytoplankton in the Ross Sea, also produces mucus that contains amino sugars (Solomon et al., 2003) , which can be converted to amino acids through bacterial degradation (Mulholland & Lomas, 2008) . Due to the timing of these studies, amino acids were used to assess the uptake of labile bloom products.
Uptake experiments were done in acid washed 500-ml PETG bottles filled to capacity (~600 ml) with the exception of the TNB Day 10 amino acid uptake experiment and the MMS Day 0 uptake experiment, where 250 ml bottles and 1 L bottles were used, respectively. Uptake experiments on Day 0 were conducted using the seawater that had been brought back from each site (TNB and MMS), and uptake experiments at subsequent time points used water subsampled from each experimental bottle. Once 13 C-and 15 N-labeled substrates had been added at an estimated 10% enrichment of background concentrations, bottles were returned to their respective incubators and incubated for~6 hr. Uptake rates of two microbial size fractions were determined by collecting the larger size fraction (>5.0 μm) on a Sterlitech silver membrane filter, collecting the filtrate, and then passing the filtrate through a GF/F filter to collect the smaller size fraction (0.7-5.0 μm). Retention of Ross Sea bacteria on GF/F filters was tested and found to be 88.8%. Samples were kept frozen (À40°C) until analysis on a Europa 20/20 isotope ratio mass spectrometer. Absolute uptake rates for 13 C-labeled HCO 3 À and 15 N-labeled NO 3 À were calculated according to Hama et al. (1983) and Dugdale and Wilkerson (1986) , respectively; HCO 3 À uptake will be referred to as DIC uptake henceforth. The same approach was used to calculate C and N uptake rates for dual-labeled amino acids (Bronk et al., 2014) . Uptake rates are reported as separate size fractions (0.7-5.0 μm; >5.0 μm); for chlorophyll a concentrations and particulate ratios, the two size fractions were added together and thus represent the >0.7 μm community.
Dissolved Nutrient Analyses
To measure dissolved nutrient concentrations, seawater was filtered through a Whatman GF/F filter (combusted at 450°C for 2 hr) and the filtrate was collected. A Lachat QuickChem 8500 autoanalyzer was used to measure NO 3
, and Si concentrations in duplicate (detection limit (
; Parsons et al., 1984) . A Shimadzu UV-1601 spectrophotometer was used to measure concentrations of NH 4 + in triplicate and concentrations of urea in duplicate using the phenol-hypochlorite method (DL 0.05 μmol N L À1 ; Koroleff, 1983 ) and the manual diacetyl monoxime
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; Price & Harrison, 1987) , respectively. A Shimadzu RF-1501 spectrofluorometer was used to measure concentrations of DPA in triplicate according to the OPA (o-phthaldialdehyde) method (DL 0.025 μmol N L
À1
; Parsons et al., 1984) . A Shimadzu 5000A TOC-V/TNM analyzer was used to measure TDN and dissolved organic carbon (DOC; DL 2 μmol N L
, 5 μmol C L À1 ; Sharp et al., 2004) ; analytical accuracy was ensured by using deep-sea reference water samples (University of Miami consensus reference material program, Hansell, 2005) . Coulometry (CM5230, UIC) was used to measure concentrations of DIC using the method described in King et al. (2011) .
Particulate Parameters
Concentrations of particulate C and N were measured on a GEO 20/20 isotope ratio mass spectrometer at the same time that 13 C and 15 N enrichments were measured. Particulate P samples were baked for 2 hr at 550°C, extracted overnight using hydrochloric acid (1 N), and concentrations of orthophosphate were analyzed colorimetrically (Aspila & Agemian, 1976) . Bacterial abundance samples were preserved with paraformaldehyde (final concentration of 0.5%) and then flash frozen and stored at À80°C. For enumeration, bacteria samples were stained using SYBR Green (Invitrogen) and counted on a BD Influx high-speed sorting flow cytometer.
Chlorophyll a samples were collected on GF/F filters and polycarbonate filters (nominal pore size 5.0 μm), extracted overnight using 90% acetone, and measured using the nonacidified fluorometric method on a Turner Designs fluorometer (Welshmeyer, 1994) . Samples for phytoplankton cell counts were preserved using glutaraldehyde and acidified Lugol's iodine solution, stored at 4°C in the dark, settled in a counting chamber, and enumerated microscopically using an Accu-Scope 3032 (Utermöhl, 1931) . Species were identified according to Scott and Marchant (2005) and Tomas (1997) . For the MMS experiment, the most common phytoplankton taxa were identified, and the relative abundance of these taxa are expressed as the percent of all phytoplankton cells counted. Taxa include diatoms (Pseudo-nitzschia spp., Fragilariopsis spp., other pennate diatoms, centric diatoms), dinoflagellates, Phaeocystis (solitary cells and colonial cells), and other (all other taxa, mostly rare species). The number of cells comprising Phaeocystis colonies was determined; hence, the number of individual colonial cells were included in the relative abundance calculation. Individual cells associated with Phaeocystis colonies were determined by counting the number of cells in each colony if they could be assessed. If the number of cells per colony could not be determined visually, the colony was dissolved using EDTA, vortexed to extract the cells from the colony matrix, and then enumerated (Rousseau et al., 1990) . The number of colonies in each sample was also noted.
Data Analysis and Statistics
All statistical analyses were completed using the open source RStudio program version 0.99.490 (RStudio Team, 2015) . Data were checked for normality using the Shapiro-Wilk test, and if data were not normally distributed, they were log transformed prior to statistical analysis. Two-way and multiway analysis of variances were used to determine if there were significant differences between treatments, and post hoc Tukey's Tests were used to identify means that were significantly different from one another. If p values were ≤ 0.05, means were considered significantly different from one another.
Results and Discussion
TNB Experiment
The TNB experiment was performed using a microbial assemblage collected late in the growing season. At the TNB site (Table 2) , the TDN pool was comprised primarily of DON (~51%) followed by NO 3 À (~34%).
The concentration of PO 4 3À was less than 1 μmol P L
À1
, and the NO 3 À :PO 4 3À ratio was~11.3. The dissolved NO 3 À :PO 4 3À ratios remained within~2 units of the target ratio throughout the experiment (Tables 1 and 2 ).
Bulk DON concentrations decreased by nearly half of the initial concentration in all treatments over the course of the experiment. Concentrations of urea and DPA (components of the bulk DON pool), however, slightly increased in all treatments. These results likely indicate that the microbial communities were readily using and recycling DON. Concentrations of Si remained constant during the experiment. Comparing the treatments, the lowest nutrient concentrations generally occurred when only Fe was added (11* treatment).
In the 11* treatment, drawdown of both NO 3 À and PO 4 3À was triple that of the Control, and particulate N and P concentrations were significantly higher in the 11* treatment compared to the Control on Day 10 (p < 0.04; Journal of Geophysical Research: Biogeosciences ± 1 standard deviation (n = 3). BD = below detection. Treatment names describe either the N:P ratio (TNB experiment) or whether the N:P ratio was low, ambient (unaltered), or high (MMS experiment). Treatments with an * received an addition of Fe.
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TNB Microbial Response
The initial concentration of chlorophyll a for the whole community (> 0.7 μm) was 0.8 ± 0.1 μg/L (Figure 1 ). Growth was slow for the first 3 days of the experiment but increased thereafter and remained in near exponential growth until the experiment ended. Treatment chlorophyll a concentrations were clustered into two groups, which became evident on Days 9 and 10. The highest chlorophyll a concentrations occurred when the N: P ratio was between 11 and 33 and Fe was added. Significantly lower (p < 0.04; combined Days 9 and 10 data) concentrations were found in the Control (N:P ratio of 11 with no Fe added) and at the two extremes (N:P ratios of 2 and 49 with Fe added). Most studies from the Southern Ocean show that phytoplankton growth is stimulated with Fe addition (Boyd et al., 2000; Coale et al., 2004; De Baar et al., 1990; Martin et al., 1990) ; therefore, similarities in chlorophyll a concentrations between the Control and the N:P extremes may indicate that even when Fe is added, phytoplankton growth may be negatively impacted when dissolved N:P ratios are outside of an optimal stoichiometric range. Optimal phytoplankton N:P ratios range from approximately 8 to 42 (Klausmeier et al., 2004) , so it is possible that when dissolved N:P ratios of an environment are outside of this range, which was the case for the two extreme treatments in this study (N:P ratios of 2 and 49 with Fe added), certain physiological processes, such as production of chlorophyll a, are not enhanced even when resources are replete. 3.1.2. TNB Uptake Results. DIC: Absolute DIC uptake rates (ρ DIC ) by the >5.0-μm size fraction were significantly greater (p < 0.001) than the 0.7-to 5.0-μm size fraction for both the initial community and on Day 3 for all treatments (Figure 2a) . By Day 10, the opposite pattern occurred (Figure 2b ). Within the treatments, Fe addition alone (11*) and a moderate increase (13*) to the N:P ratio resulted in higher (p < 0.05) ρ DIC compared to the Control for both size fractions (Figures 2a and 2b) . Additionally, on Day 3, all treatments with elevated N:P ratios had higher (p < 0.01) ρ DIC than the Control for the >5.0-μm size fraction. For the 0.7-to 5.0-μm size fraction, the 33* treatment was significantly higher (p < 0.01) than the Control on Day 10 but not on Day 3.
AA-C:
For the initial TNB community and the experimental treatments, absolute AA-C uptake rates (ρ AA-C ) of the 0.7-5.0 μm size fraction were significantly greater (p < 0.001) than the >5.0-μm size fraction with the exception of the Control (Figure 2c ). In the 0.7-to 5.0-μm size fraction, the 11* treatment and treatments with elevated N:P ratios had higher (p < 0.01) ρ AA-C than the Control. However, none of the treatments were significantly different from each other.
NO 3
À : Within the initial community, absolute NO 3 À uptake rates (ρ NO3 ) of the 0.7-to 5.0-μm size fraction were significantly higher (p < 0.03) than the >5.0-μm size fraction (Figure 3a ). This pattern continued on Day 3 but was only significant (p < 0.001) in the Control. By Day 10, ρ NO3 was not significantly different between the size fractions. For both size fractions when the N:P ratio was at 33* and 49*, ρ NO3 was significantly higher (p < 0.02) than the other treatments on Day 3 (Figure 3a) . Additionally, within the >5.0-μm size fraction, the 11* and 13* treatments were higher (p < 0.04) than the Control on Day 3 (Figure 3a) . By Day 10, ρ NO3 of all treatments in both size fractions were similar (Figure 3b ).
AA-N:
Absolute AA-N uptake rates (ρ AA-N ) had the same pattern as ρ AA-C . For the initial community, ρ AA-N of the 0.7-to 5.0-μm size fraction was more than triple that of the >5.0-μm size fraction (Figure 3c ). Significantly higher ρ AA-N in the 0.7-to 5.0-μm size fraction also occurred during the experiment (p < 0.001), with the exception of the Control.
TNB Uptake Discussion
Although uptake trends varied between substrates as well as over the course of the experiment, several of the findings from this study stand out. When the N:P ratio was decreased to 2, ρ DIC and ρ NO3 were not significantly different from the Control in either size fraction at any point during the experiment, indicating that ) and should therefore have been accessible for enhanced uptake upon Fe addition. This finding merits further research and could indicate that when an environment is characterized by low N:P ratios, DIC and NO 3 À utilization by certain microbial communities may not increase even when Fe stress is eliminated. Another explanation is that the higher concentrations of PO 4 3À , hence a low N:P ratio, caused the community to exert more energy toward uptake of P rather than uptake of C and N. Although we were not able to measure P uptake in this study, particulate concentrations of P in the 2* treatment were significantly higher than the Control on Day 3 and Day 10 ( Table S1 ), indicating that P was being taken up and assimilated. 
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Our data also suggest that changes to dissolved stoichiometric N:P ratios could alter uptake rates of NO 3 À over short time scales, but that Southern Ocean microorganisms may display physiological plasticity (i.e., ability to acclimate to environmental change) to help them adapt to stoichiometric changes. In treatments where ρ NO3 significantly increased, the change occurred at the beginning of the experiment (Figure 3a) . Fe addition may have been the main factor influencing change on Day 3; however, ρ NO3 for both size fractions in treatments where the N:P ratio was ≥33 were significantly higher than the treatment that received only Fe (11*). This could indicate that there is an additive effect of elevated N:P and Fe on NO 3 À uptake in HNLC regions.
Luxury consumption of NO 3 À is known to occur when NO 3 À is replete (Lomas & Glibert, 2000; Rhee, 1978) and may have occurred during the initial stages of the experiment (Figure 3a) and decelerated by the end of the experiment (Figure 3b ). This could explain why there were no significant differences in ρ NO3 between treatments on Day 10 (Figure 3b ). 
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Finally, the high ρ AA-C and ρ AA-N that were measured, particularly in the smaller size fraction, indicate that Fe addition resulted in smaller microorganisms having a competitive edge over larger microorganisms in their ability to take up amino acids (Figures 2c and 3c) . The considerable amount of uptake by the smaller size fraction is likely attributable to bacteria, as the majority of bacteria (88.8%) at our site were retained on the GFF filter. Higher ρ AA-C and ρ AA-N by smaller microorganisms compared to larger microorganisms is the same trend that was observed for ρ DIC on Day 10 and makes sense given that bacterial abundance increased at the end of the experiment (supporting information Figure S1 ). Changes to nutrient ratios may have also influenced amino acid uptake rates, yet far less noticeably than Fe addition. In the smaller size fraction, statistically significant differences were observed for ρ AA-C when only Fe was added or when N:P ratios were increased, and for ρ AA-N significant differences occurred when the N:P ratio was at 13 and 33. When the ratio was decreased to 2, ρ AA-C and ρ AA-N were similar to the control, and in the larger size fraction ρ AA-N was significantly lower. These findings further support the idea that uptake rates of both inorganic and organic C and N substrates may not be enhanced in HNLC regions when N:P ratios are considerably low, even when Fe is added. Studies of amino acid utilization by microorganisms have primarily been conducted in oligotrophic regions such as the Sargasso Sea (Jørgensen et al., 1993; Keil & Kirchman, 1999; Suttle et al., 1991; Zubkov et al., 2008) , and the small amount of research done in the Southern Ocean show that turnover of amino acids is high (Simon & Rosenstock, 2007) and that utilization is influenced by irradiance Note. Mean particulate ratios ±1 standard deviation (n = 3) of the community (>0.7 μm size fraction) collected from each site (TNB and MMS), and mean particulate ratios of the communities from each treatment measured on Day 3 and Day 10 for TNB, and on Day 7 for MMS. a Particulate ratios are significantly different from the control (p ≤ 0.05) on that particular day. Treatment names describe either the N:P ratio (Terra Nova Bay, TNB, experiment) or whether the N:P ratio was low, ambient, or high (McMurdo Sound, MMS, experiment). Treatments with an * received an addition of Fe.
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Journal of Geophysical Research: Biogeosciences (Rivkin & Putt, 1987) . Our data indicate that more research is needed in HNLC regions to examine the effects of Fe addition on dissolved organic nutrient utilization, because of its potential for shaping biogeochemical cycles, particularly with respect to phytoplankton-bacterial interactions.
TNB Cellular Stoichiometry
Compared to the ratios measured at the TNB site, particulate C:N and C:P ratios increased on Day 3 for all treatments (Table 3) , likely because concentrations of particulate C increased (Table S1) . By Day 10, however, concentrations of particulate C had decreased compared to Day 3, and particulate C:N ratios were similar to the starting ratio, while C:P ratios were lower than the starting ratio. From Day 3 to Day 10, particulate N:P and C:P ratios of all treatments decreased. This trend may have been a result of the communities using and allocating proportionately more P within their cells toward growth machinery, such as ribosomal RNA. Concentrations of particulate P increased in all treatments from Day 3 to Day 10, which supports this idea (Table S1 ).
Particulate C:N ratios did not differ among the treatments within a given time point. Significant differences were identified, however, for particulate N:P and C:P ratios on Day 3, where the Control had higher (p < 0.05) particulate N:P and C:P ratios than all of the other treatments except for the 11* treatment. This difference was primarily driven by relatively lower concentrations of particulate P in the Control and the 11* treatment (supporting information Table S1 ). By Day 10, particulate N:P and C:P ratios of the treatments were generally similar to one another. The lowest particulate N:P and C:P ratios were found in the 2* treatment and highest ratios in the 13* treatment, and the difference between these two treatments for both particulate N:P and C:P was significant (p < 0.001). Larger cellular stoichiometric changes occurred on Day 3 in comparison to Day 10, further supporting the idea that the impacts associated with changing nutrient supply ratios in the Southern Ocean may happen on the order of a few days and that microorganisms display physiological plasticity.
The results from the TNB experiment and a series of parallel studies (Bertrand et al., 2015; Zhu et al., 2016; Spackeen et al., 2018) allowed us to reassess our experimental approach for the MMS experiment (results below). Parallel studies provided important evidence that temperature may play a key role in altering physiological rates and thus may affect how organisms respond to alterations in N:P ratios. For the MMS study, we were able to optimize our efforts by reducing the number of N:P ratios and by adding a more in depth investigation into how Fe and temperature affect the stoichiometric response of Antarctic microbial communities.
MMS Experiment
The microbial assemblage used in the MMS experiment was collected during an earlier phase of the Ross Sea phytoplankton bloom than the TNB experiment. Concentrations of NO 3 À , PO 4 3À , and Si at the MMS site were more than double the concentrations measured at the TNB site, while concentrations of NH 4 + and organic forms of N (urea and DPA) were lower (Table 2 ). These differences are likely due to peak-season (MMS) versus late season (TNB) sampling. The NO 3 À :PO 4 3À ratio of the MMS site water was~14.9, and ratios of the experimental treatments remained within~3 units of the target ratios during the experiment (Tables 1 and 2 ). By the end of the MMS experiment, concentrations of NO 3 À had changed the most, decreasing by more than 7.5 μmol N L À1 , in treatments at 4°C that were Fe replete. During the experiment, diatoms were not a major component of the microbial assemblage (Table 4 ) and concentrations of Si did not change (Table 2) .
MMS Microbial Response
The initial concentration of chlorophyll a for the whole MMS community (> 0.7 μm) was 2.4 ± 0.2 μg/L (Figure 4) . During the experiment, concentrations of chlorophyll a steadily increased from Day 3 until the end of the experiment. All treatments at 0°C had similar chlorophyll a concentrations (Figure 4a ). The treatments at 4°C were separated into two groups; treatments with Fe had the highest chlorophyll a concentrations, and treatments without Fe had similar concentrations to the 0°C treatments (Figure 4b) . A similar result also occurred with particulate concentrations, where treatments at 4°C with added Fe had significantly higher particulate C and N concentrations than the Control (p < 0.001; Table S1 ). The lack of response to Note. Mean Phaeocystis colonies ±1 standard deviation (n = 3), mean number of Phaeocystis cells per colony ±1 standard deviation (n = 3), and the relative abundance (% of all phytoplankton cells) of colonial Phaeocystis cells comprising the final phytoplankton community of each treatment. Treatment names describe whether the N:P ratio was low, ambient, or high, and treatments with * received an addition of Fe.
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Fe addition at 0°C indicates that temperature elevation may be necessary to drive an Fe addition response by certain Ross Sea microbial communities. The additive effect of temperature elevation and Fe addition on increasing chlorophyll a concentrations of Ross Sea phytoplankton has previously been shown . 3.2.2. MMS Uptake Results. DIC: The initial MMS community had the same pattern as the TNB community in that the >5-μm size fraction had higher ρ DIC (p < 0.001) than the 0.7-to 5.0-μm size fraction (Figure 5a ). This pattern also occurred during the experiment (p < 0.001), with the exception of the 4°C À Fe set of treatments where ρ DIC of the two size fractions were not significantly different (Figure 5a ). Comparing the treatments to the Control, ρ DIC increased (p < 0.001) for the >5.0-μm size fraction when Fe was added, and ρ DIC increased (p < 0.01) for the 0.7-to 5.0-μm size fraction at 4°C. In the 0.7-to 5.0-μm size fraction, ρ DIC also increased (p < 0.01) in the 0°C ambient* treatment (unaltered N:P ratio with added Fe).
AA-C:
For the initial community, ρ AA-C of the 0.7-to 5.0-μm size fraction was significantly greater (p < 0.001) than the >5.0-μm size fraction (Figure 5b ). Highest ρ AA-C for both size fractions occurred in the 4°C + Fe set of treatments (Figure 5b ). In the >5.0-μm size fraction, Low* and High* N:P ratios at 4°C resulted in higher (p < 0.001; * indicates Fe was added) ρ AA-C than the Control and the 0°C Low and 0°C ambient* treatments. 
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Journal of Geophysical Research: Biogeosciences ρ NO3 in the >5.0-μm size fraction had the same pattern as ρ DIC, where all Fe-replete treatments had higher (p < 0.01) ρ NO3 than the Control. In the 0.7-to 5.0-μm size fraction, all treatments at 4°C, or where Fe was replete, had higher (p < 0.001) ρ NO3 than the Control, with the exception of the 4°C High* treatment.
AA-N:
Following the same pattern as ρ AA-C , the highest ρ AA-N also occurred in the 4°C + Fe set of treatments (Figure 6b ). In the >5.0-μm size fraction, the 4°C + Fe set of treatments, with the exception of 4°C Ambient*, were significantly higher (p < 0.03) than all treatments set at 0°C in addition to the 4°C Low and Ambient treatments. In the 0.7-to 5.0-μm size fraction, the 4°C + Fe set of treatments, with the exception of the 4°C Ambient* treatment, had higher (p < 0.02) ρ AA-N than the 0°C À Fe set of treatments.
MMS Uptake Discussion
During this experiment, temperature and/or Fe addition impacted uptake rates by the microbial community, while the effects of changing the dissolved N:P ratio were less pronounced. The observation that Fe addition increased ρ DIC and ρ NO3 (Figures 5a and 6a) is consistent with previous experiments, which typically show that Fe addition increases nutrient uptake by Southern Ocean microorganisms (Cochlan, 2008 , and references therein; Bertrand et al., 2015; Hutchins & Boyd, 2016) . For the larger size fraction, Fe addition rather than temperature was responsible for higher ρ DIC and ρ NO3 . This is supported by a lack of response in the 4°C À Fe set of treatments and the absence of an additive effect in the 4°C + Fe set of treatments. In this study the microbial community was dominated by colonial Phaeocystis cells (discussed below); thus, our uptake results for the larger size fraction indicate that Fe addition rather than temperature elevation have a larger influence on increasing nutrient uptake rates by Phaeocystis. Studies show that other prominent Southern Ocean microorganisms may have a competitive advantage over Phaeocystis in a warmer Southern Ocean Coello-Camba & Agusti, 2017; Petrou et al., 2016; Zhu et al., 2016) and that Phaeocystis growth can decline at higher temperatures (Xu et al., 2014) . Our results suggest that as long as Fe is present, nutrient utilization by Phaeocystis will likely increase, placing this taxa in a position to better compete with other dominant phytoplankton in a warmer Southern Ocean.
In the smaller size fraction, with the exception of a few treatments, ρ DIC and ρ NO3 were higher as a function of both temperature and Fe, individually and in combination. Even though Fe was not added to the 4°C À Fe set of treatments, both ρ DIC and ρ NO3 of the smaller size fraction were higher than the Control. This could be due to bacterial uptake of NO 3 À . Bacterial abundance was higher in these treatments than the Control 
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Journal of Geophysical Research: Biogeosciences (supporting information Figure S2 ). Temperature is known to enhance microbial metabolism (Delille, 2004; Hutchins & Fu, 2017; Pomeroy & Wiebe, 2001) , and research has demonstrated that elevated temperature may be equally as important as Fe limitation on impacting nutrient uptake by Southern Ocean microorganisms (Hutchins & Boyd, 2016; Reay et al., 2001) . It is also possible that in the 4°C À Fe set of treatments, the smaller size fraction may have been able to access any available Fe more efficiently than the larger size fraction due to their smaller surface area to volume ratios. This could have implications for C and N cycling in a warmer Southern Ocean when Fe is not readily available.
Comparing trends that occurred for concentrations of chlorophyll a with trends that were observed for ρ DIC and ρ NO3 indicate that the microorganisms may allocate C and N toward different resources when they are at 0°C versus 4°C and Fe is added. Concentrations of chlorophyll a only increased when both the temperature was elevated and Fe was added; however, ρ DIC and ρ NO3 increased at both 0°C and 4°C when Fe was added. It is possible that the microorganisms, namely, Phaeocystis, in this experiment may have been using the C and N that they were taking up upon Fe addition at 0°C toward the synthesis of proteins other than chlorphyll a and that temperature elevation combined with Fe addition allowed them to allocate more C and N toward production of chlorophyll a.
In the MMS experiment, ρ AA-C and ρ AA-N were not nearly as high as those measured during the TNB experiment, particularly for smaller microorganisms. This is likely due to differences between the communities and overall lower bacterial abundance in the MMS experiment (supporting information Figures S1 and S2 ). Community differences may also explain why trends between the two experiments differed. For the TNB experiment, Fe addition likely impacted amino acid utilization by smaller microorganisms (Figures 2c and  4c) , while in the MMS experiment increasing Fe and temperature in combination were needed to produce the highest ρ AA-C and ρ AA-N . This was evident, significantly in some cases, for both small and large microorganisms (Figures 5b and 6b) . Based on the findings from both the TNB and MMS experiment, climate change parameters affect microbial utilization of amino acids, and perhaps other organic substrates, and are a topic that should be further investigated.
Changes in uptake rates due to changing the dissolved N:P ratio were limited to the smaller size fraction, and trends were less clear than those found in the TNB experiment. Within the 0°C + Fe set of treatments, ρ DIC increased when Fe alone was added but did not increase when nutrient ratios were changed in either direction. Within the 4°C + Fe set of treatments, ρ NO3 increased in both the 4°C Low* and Ambient* treatments, but rates were not impacted in the 4°C High* treatment. Although the influence of N:P ratios was clearer in the TNB experiment than the MMS experiment, a few inferences can be made. In the MMS experiment, any impact on NO 3 À uptake rates due to increasing the N:P ratio may have occurred prior to the Day 7 assessments. This is supported by NO 3 À concentrations in the high N:P treatments, which decreased the most during the first few days of the experiment (supporting information Table S2 ), and that most changes due to stoichiometry occurred on Day 3 rather than Day 10 in the TNB experiment. When the N:P ratio was low in combination with Fe addition, rates were unaffected in the TNB experiment, yet increased in the MMS experiment. This may indicate that there is a N:P threshold at which growth and nutrient uptake is not enhanced regardless of whether Fe is present, or that microorganisms that bloom toward the end of the austral summer are more sensitive to low N:P ratios than those that bloom earlier in the season.
MMS Cellular Stoichiometry
Compared to the ratios of the starting community, particulate C:P and N:P ratios of all of the treatments increased over the course of the MMS experiment, while C:N ratios remained similar to the initial ratio (Table 3 ). The increase in particulate C:P and N:P ratios occurred because concentrations of particulate C and N increased relatively more than concentrations of particulate P (Table S1 ). The relative increase in C:P and N:P ratios from the start to the end of the experiment likely occurred due to the dominance of Phaeocystis (discussed below), which may have been allocating C and N toward the formation of colony matrices.
By Day 7 of the experiment, cellular particulate ratios were mostly unaffected, with the exception of C:N ratios in the treatments that were at 0°C and Fe replete, which were significantly lower than most of the other treatments. The 0°C Low* and 0°C Ambient* treatments were lower (p < 0.05) than all other treatments that were either incubated at 4°C or at 0°C without Fe, and the 0°C High* treatment was lower (p < 0.04) than all treatments that were Fe deplete. For particulate N:P and C:P ratios, there were no significant differences identified
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Journal of Geophysical Research: Biogeosciences among treatments. The impact of elevated Fe and other micronutrients on cellular stoichiometry is not clear, but our results were unexpected given that particulate C:N ratios are typically more stable in nature than N:P and C:P ratios (Martiny et al., 2013; Moore et al., 2013) .
MMS Phytoplankton Community Composition
The dominant member of the MMS phytoplankton community was Phaeocystis antarctica, a haptophyte that can exist in both solitary and colonial forms (Schoemann et al., 2005) . Colonial Phaeocystis cells were more abundant than solitary cells at the end of the experiment, and Phaeocystis colonial cells comprised 76.4% to 93.2% of the whole phytoplankton treatment communities (Table 4) . Although variability was high, most treatments had more than 100 colonies per millimeter. There were generally more cells per colony at 0°C than at 4°C, yet there were more colonies per millimeter in the 4°C treatments than the 0°C treatments. Abundances of colonies per millimeter were highest in the 4°C + Fe set of treatments (Table 4) . Increases in colony abundance as a function of both a temperature elevation of 4°C (Wang et al., 2010) and Fe addition (Feng et al., 2010) have previously been observed, so it follows that a 4°C temperature increase in combination with Fe addition would yield the highest abundance of colonies. The high abundance of Phaeocystis colonies in the 4°C + Fe set of treatments likely explains why concentrations of chlorophyll a and particulate C and N were highest in these treatments ( Figure 5 and Table S1 ).
Although variability was high, abundances of phytoplankton groups other than colonial Phaeocystis show subtle differences in the distribution of groups/species among treatments (Table 5) . Solitary Phaeocystis cells and dinoflagellates were relatively abundant in all treatments, with highest abundances (cells/ml) occurring in the 4°C + Fe set of treatments. In the 0°C À Fe, 0°C + Fe, and 4°C À Fe set of treatments, dinoflagellates were more abundant than solitary Phaeocystis cells, with the exception of the 0°C Ambient* and 4°C Low treatments. In the 4°C + Fe set of treatments, the opposite pattern was observed, and solitary Phaeocystis cells were relatively more abundant than dinoflagellates. This result suggests that Southern Ocean Note. Mean absolute abundances ±1 standard deviation (cells/ml; n = 3) and relative abundances (% of all phytoplankton cells; n = 3) of taxa comprising the final phytoplankton community of each treatment. Treatment names describe whether the N:P ratio was low, ambient, or high, and treatments with * received an addition of Fe. MMS = McMurdo Sound.
dinoflagellates may be at a competitive disadvantage in a warmer Southern Ocean when Fe is present, especially when Phaeocystis is dominant. Diatoms, including Pseudo-nitzschia spp., Fragilariopsis spp., other pennates, and centrics, comprised a small portion of the overall community. For Pseudo-nitzschia spp., both absolute and relative abundances were highest when the temperature was at 4°C and when the N:P ratio was high, regardless of whether Fe was replete or deplete. Growth rates of polar Pseudo-nitzschia sp. are known to increase as a function of temperature and/or Fe Zhu et al., 2016) , and the results from this study indicate that Pseudo-nitzchia may have a competitive advantage when the N:P supply ratio is high. Although Fragilariopsis spp. had a higher absolute abundance in the 4°C treatments, in the 0°C Low* treatment Fragilariopsis spp. comprised 2.5% of the whole community, which was twofold more than its relative abundance in any of the other treatments. The preferential drawdown of PO 4 3À over NO 3 À resulting in higher N:P ratios was attributed to the dominance of Fragilariopsis kerguelensis during blooms in the Polar Front (De Baar et al., 1997) . Perhaps Fe-replete conditions coupled with proportionately higher concentrations of PO 4 3À are favorable for Fragilariopsis spp. In all treatments, other pennate diatom species and centric diatoms comprised less than 1% of the whole community, and all other phytoplankton taxa were less than 1.5% of the whole community.
Many studies have assessed the individual and combined effects of global change variables, including temperature elevation Hare et al., 2007; Rose et al., 2009 ), Fe addition (Feng et al., 2010; Rose et al., 2009) , and nutrient ratios (Czerny et al., 2016; De Senerpont Domis et al., 2014; Lagus et al., 2004) on community composition. It is clear that global change results in community shifts, and research continues to demonstrate the importance of evaluating the interactive effects of multiple variables to fully understand the microbial community response. In this study, colonial Phaeocystis was dominant in all treatments, which was expected considering that Phaeocystis usually reaches maximum abundance in the Ross Sea in middle to late December (Smith et al., 2000) , the time frame when water was collected for the experiment. Dominance of colonial Phaeocystis cells was likely driving nutrient uptake trends, particularly within the larger size fraction, where Fe-replete conditions increased DIC and NO 3 À uptake. Differences among the final communities for taxa other than Phaeocystis, however, might explain some of the more subtle results identified for uptake rates and stoichiometry. The less prominent members (e.g., diatoms and dinoflagellates) of the MMS community are taxa that become more dominant toward the end of the Ross Sea phytoplankton bloom, the time frame when the TNB experiment was conducted and when trends associated with changing the N:P supply ratio were identified. Community composition for the TNB experiment was not assessed; however, diatoms were likely not that abundant, because Si concentrations remained relatively constant in the treatments (Table 2) . Results from both the TNB and MMS experiments indicate that late-season bloomers, particularly dinoflagellates, may be more sensitive to environmental stoichiometric changes.
Conclusions
Over the past few decades research has revealed a complex picture of elemental stoichiometry and how nutrient-microbe interactions structure the ratios that are observed in the water column as well as in phytoplankton. It is understood that there are feedback systems that work together to keep particulate and dissolved elemental ratios in a semistable state. The average C:N:P ratio of phytoplankton influences the dissolved ratios of the deep ocean, which can then be modified by microbial pathways (i.e., annamox and denitrification), which can lead to community shifts when the nutrients return to the surface. The feedbacks are linked to biogeochemical cycles and oceanic circulation, with the Southern Ocean exerting a regulatory force on oceanic nutrient inventories as deep water is formed and circulated globally. Shifts within the Southern Ocean phytoplankton community and the resulting impact on nutrient uptake rates and assimilation thus could have global implications for nutrient inventories over long time scales. Despite the Southern Ocean's critical role in global nutrient budgets, a comprehensive view of the factors that control and modify nutrient ratios of the Southern Ocean are lacking, let alone how stoichiometric changes in conjunction with other global change parameters may interact to influence ocean biogeochemistry. To our knowledge this is the first study from the Ross Sea to manipulate dissolved N:P ratios in combination with temperature and Fe and measure nutrient uptake rates. Our study represents a valuable stepping stone in understanding how dissolved N:P ratios individually and in combination with global change variables impact C and N cycles in the Ross Sea. In the two studies that we conducted, we present evidence that different dissolved N:P ratios have the potential to impact growth, nutrient utilization, and particulate ratios by microorganisms, especially over short time scales. These trends were distinctly identified for the late season microbial community at Terra Nova Bay, but we also found that different dissolved N:P ratios resulted in subtle shifts to the less prominent members of the Phaeocystis dominated community from McMurdo Sound. By the end of both experiments, however, particulate ratios were generally similar among the treatments, and differences in nutrient utilization could be attributed to iron addition and/or temperature elevation. This demonstrates that homeostatic feedbacks within Southern Ocean phytoplankton communities minimize the impacts that changing dissolved N:P ratios has on particulate ratios, thus helping to maintain elemental ratios in a semistable state. It also indicates that in nutrient replete environments dissolved and particulate N:P ratios can become uncoupled and are not necessarily reflective of one another. Although dissolved stoichiometry may be an influential factor in shaping biogeochemical cycles and the composition of the microbial community, we found that other global change variables (temperature and Fe) were more significant drivers of change.
